QSAR analysis of a set of 96 heterocyclics with antifungal activity was performed.
structures such as these. Then AM1 energy calculations were carried out on the optimized geometries using MOPAC 93 [23] software.
The lipophilicities and volumes of the substituents on the aromatic rings, calculated by Hyperchem [21] were used as Hansch-type variables. The variables used in this study are listed in Table 2 . The descriptors in Table 2 were correlated with the activities taken from the literature [15] for the compounds listed in Table 1 with the programs flipstep [17] , fliprand and flippred [24] , which have been described previously.
Flip regression is a technique for obtaining QSARs in molecules that have symmetry.
It was first employed by Kishida and Manabe in 1980 [25] , to study the effect of lipophilicity of substituents in some derivatives of benzenedisulfonamide. In the context of the present problem, the molecules are heterocyclic isosteres and which have a possible symmetry plane bisecting the 5-and 6-membered fused rings, as shown as dashed line in Figure 1 . The atom X for example may be CH or N. This may influence activity through an electronic effect that increases or reduces the activity of the drug, and through symmetry. if X is CH and Y NH the molecule is symmetrical (allowing for tautomerism) and it will be immaterial whether a particular substituent is in the R1 or R2 position. If X is N and Y is NH the two positions are isosteric, and one of the two possible orientations may or may not be favoured over the other. The performance of flip regression on simulated data has been described previously. [17] Even if the molecule is not formally symmetric the asymmetry may not be reflected in the activity data. In the absence of experimental structure information only a calculation can indicate whether this is so.
For a particular case, the R1 and R2 groups may be exchanged, corresponding to "flipping" the molecule through the symmetry plane. Where there are N different molecules, and there are 2 possibilities for each molecule, there are 2 N possible alternative arrangements. Each of these arrangements can be analyzed in a regression equation. Physically, the molecule will enter that arrangement on the receptor that minimizes its binding energy. There are 2 N different regression equations that must be solved. That regression that maximizes the Fisher variance ratio, or equivalently that maximizes R 2 , is chosen.
Of course, if N is at all large, this results in an extremely large number of regressions.
To render this task manageable we adopt the combinatorial optimization technique of simulated annealing. The progress of the calculation is tracked by maintaining two N element arrays. The first of these, the flip status starts with a value of 1 for each element when all the substituents are arranged as they are initially set up in Table 1 , and the value is changed to -1 when that molecule is flipped.
At the conclusion of the calculation, when the flip statuses reflect the orientation of each molecule in the best-fit position, each molecule in turn is flipped with no change to the others, and the decrease in goodness of fit is determined. A Student's t test determines whether or not the change in this one compound significantly reduces the quality of the fit, for each compound in turn. If it is not significant, this means that the relevant compound can lay either way on the receptor. If it is significant the current orientation is preferred. The probability value associated with the compound is stored in the second array, the flip significance.
There are two consequences of this procedure that must be borne in mind. The first is that an inflation of significance occurs. Random numbers subjected to this procedure can give apparently highly significant regressions. The procedure cannot however improve on an already optimal arrangement. The only way currently known to validate the procedure is repeated randomization of the dependent variable. The correlation coefficient for the optimal arrangement is determined. Then the dependent variable is repeatedly randomly reassigned to the independent variable matrix, and the correlation coefficient recalculated.
The distribution of correlation coefficients is very non-normal, but a simple transformation, Fishers v (or z) transformation, can normalize it. The calculated correlation coefficient from the flip regression is fixed, and has zero variance. If R is the correlation coefficient from the randomisation trial, the quantity R
is normally distributed, and if we have a number of R values from the randomisation trials we can take the mean and variance of their v values and test the hypothesis that the obtained v is greater than the mean of those generated from the randomised data.
The calculated significance level improves with the number of trials, which is an undesirable feature. We typically carry out 5000 randomizations, and in this number of trials we never encounter in a successful flip regression a situation where one of the randomised v values is greater than that obtained in the actual regression. The test of v against the mean of the randomised values to some degree quantifies this. While in classical regression a probability value of 0.05 or less is usually regarded as significant, we would tend to discount any value from the randomisation trial much greater than approximately 10 -5 .
Because in this procedure the matrix of predictor variables is preserved, the influence of colinearity is identical in both original regression and the randomisation trials. The second point is that there are always two equivalent solutions to a problem, with flip statuses differing by a factor of -1. Which of the two solutions is obtained in any particular run is a matter of chance. The flip status thus has relative significance only. Because a single run of simulated annealing frequently gives a non-optimal solution, Flipstep does by default at least 5 and at most 15 independent runs and selects the best in terms of Fisher F ratio. The selection is based on an exact equality test, rather than equality within a tolerance, and is carried out in double precision on a 32-bit platform.
The resolution is thus approximately 1 in 10 17 . The fact that the equality test is usually met many times in a given run, particularly when variable selection is nearly complete, suggests that Flipstep is consistently finding the same, relatively small subset of solutions out of the vast number possible.
Results and Discussion
The different descriptors used in this study are explained in Table 2 . The Supplementary material Table S1 summarizes the variables listed in Table 2 for the 96 compounds in Table 1 . Table 3 show the results of FLIPSTEP calculation carried out on the variables shown in Table 2 Table 4 show FLIPSTEP results for the model suggested in equation (2) . Here R1V is obviously of very poor significance, but it must be included in the model because its companion term R2V is of very high significance, and neither is meaningful in the absence of the other. P is the probability value calculated by fliprand for 5000 randomizations. This value cannot be inflated by the flip procedure. This test is similar to that recommended by Topliss et al., and because the correlation structure of the independent variables is preserved is free from the criticism that random independent variables are unrealistic because they are uncorrelated.
From the Student's t values the most significant term is I(CH 2 ), followed by R1π.
Note that R 2 and S have now quite closely approached the limit set by the error in the activity data. Allowing volume and lipophilicity of group R1 to swap with that of group R2 almost completely explains the remaining variance in the data, and no further improvement is possible. This is not to say that the other variables in Table 2 are without effect, only that any such effects cannot be determined from this particular data set.
The results indicate that within the limits of the data set and with very high confidence the R1 and R2 positions are opposite in their preference for lipohilic substituents, that bulk of only one of the two is important, and that lipophilicity is more important than volume. A pyridine ring is preferable to benzene for the 6membered ring with a very high degree of confidence, and imidazole or oxazole to is preferable to thiazole for the 5-membered ring, with a lesser degree of confidence. A methylene group is by far the preferred spacer Z. Of the indicator variables left in the final equation only I(Pyr) correlates significantly with the flip status. This is indicative that apart from the pyridine nitrogen there is no strong preference on the part of the heterocyclic structure for either orientation -that is, the three 5-membered heterocycles are truly isosteric. Table 5 summarizes the observed activity as well as the estimated activity according to the multilinear regression carried out on the variables in equation (2) while Fig. 2 graphically demonstrates these results.
Performance of FLIPSTEP
Five consecutive runs of flipstep using default settings gave apparently identical results on the full data set, including all flip significances, but there were differences in flip status that reflected the corresponding flip significance. As shown in Table 6 significances were exactly 1 where R1 and R2 were both H, as would be expected, and were very close to 1 when R1 was NH 2 and R2 was H, indicating little preference of the two sites for NH 2 over H.
In all other cases significances were well below 0.05, indicating quite strong preferences for one orientation of the substituents on the isosteric ring system over the other. The failure of the indicator variables I(Thi) and I(Imi) to correlate with flip status is indicative that the three 5-membered rings are truly isosteric. This results in two predictions for each member of the test set, a high and a low prediction. Because we believe that the activity of a drug reflects its energy of binding to its receptor we assume that the high prediction is the valid one. We carried out a univariate regression of the observed activity of the antifungal on the high-predicted activity and we report the results in Table 7 . All runs except run 7 were statistically significant at the 0.05 level. When the results of the 8 trials are pooled the overall significance of the difference between the original and randomised regressions comes to 1.9×10 -9 . In most cases the R 2 value is poor, but this is to be expected given the low accuracy of the data, as discussed in the Introduction. Thus although the prediction results in this data set are not sufficiently accurate to be practically useful, the overall correlation is of very high statistical significance.
To confirm the adequacy of the settings in Flipstep for simulated annealing we carried out 10 Flipstep runs with each of 11 cooling regimes. The starting temperature was the same in all cases. The results are reported in Table 8 . The cooling rate and number of cycles in Flipstep are not adaptive, but are set in advance. By default we use a cooling rate of 0.2 and 10000 cycles. Unlike most simulated annealing protocols we are reducing the temperature by a factor of 1-C/100 every cycle, where C is the cooling rate, rather than in constant temperature stages as is usually done. The cooling is exponential in nature.
As may be seen from Table 8 the default regimes produces 10 out of 10 runs with R 2 of 0.8772, and can be varied quite widely without affecting this. It fails catastrophically when the rate is reduced to 0.05, but recovers completely when the number of cycles is doubled. This is because under the first of these conditions the final temperature is not low enough to stabilize the annealing.
The results deteriorate only slowly as the cooling rate is increased, giving rise to extra, marginally poorer regression results. These results show that for this problem our default cooling procedure is conservative, and in fact for most problems we do not have to vary it.
When inspected, even results giving identical F and R 2 results are not identical, but differ in some flip statuses. All of the flip significance results in a sample of 10 runs with the default cooling parameters were identical, but there were differences in the corresponding flip statuses, rarely when the flip significance values were very small, becoming more common when the significance became larger, deteriorating to become completely random when the significance (i.e. probability) became 1 or nearly 1.
A run on a Pentium 5 machine running one processor with the default settings took 56 seconds. It was estimated from runs with reduced numbers of compounds and variables using the companion program FLIPALL, which tries all of the orientation combinations that an exhaustive evaluation of all possible regressions for the complete data set would take 4×10 18 years for the full data set with this hardware.
The randomisation test that we carried out is essentially that recommended by Topliss et al. Because the matrix of independent variables is preserved it is free from objections related to changes in colinearity that apply to complete randomisation.
Comparison with other QSAR studies
Duchowicz et al. [15] performed regression studies on the same set of compounds However, Yalcin stated that holding a pyridine ring in the bicyclic system is important for the heterocyclic fused system while substituting position Z with a methylene group as a bridge element between the fused heterocyclic ring system and phenyl ring in this set of molecules providing two fold improved potency against C. albicans and gives higher potency for the antifungal activity, which is in agreement with our results. Yalcin et al [16] found that having a nitro group at position R2 in the bicyclic nucleus while position R1 was found more significant than the positions R and R2 for the screened antifungal activity while we found that both positions are immaterial to the presence of the nitro group.
Conclusion
We have accounted for as much of the variance in the data set as is possible within the limits set by the experimental error, by assuming that there is no systematic global preference for either of the two possible orientations of the fused ring system.
However, except for NH 2 over H, there was highly significant preference for the individual R1 versus R2 positions for all substituents. A pyridine ring is more favourable than benzene as the 6-membered ring, for high activity, but thiazole is unfavourable as the 5-membered ring relative to imidazole or oxazole. Methylene is the spacer W leading to the highest activity.
We A test of the predictive ability of our equations, was achieved as in previous studies [24] , with a high level of statistical significance. 28. Topliss, J.G.,Edwards, R.J., J. Med. Chem., 22 (1979) 1238.
Supplementary Material:
The following supplementary material is available for this article: Table S1 . This material includes the different descriptors used in this study. 
